Abstract The present study was undertaken to study the effect of ammonia, urea, non-esterified fatty acid (NEFA), and β-hydroxybutyric acid (β-OHB) on oocyte development and granulosa cell (GC) growth parameter of ovine (Ovis aries). Ovine oocytes were matured in vitro in the presence of different concentration of ammonia, urea, NEFA, and β-OHB for 24 h, in vitro inseminated and evaluated for cleavage and blastocyst yield. Same concentrations of ammonia, urea, NEFA, and β-OHB were examined on growth parameters and hormone secretion activity of granulosa cells in vitro. Real-time reverse transcription polymerase chain reaction was used to evaluate the expression of steroidogenic genes (steroidogenic cytochrome P-450 (CYP11A1, CYP19A1)), cell proliferation-related genes (GDF9, FSHr), and apoptosis-related genes (BCL-2 and BAX). The maturation, cleavage, and blastocyst production rates were significantly lowered in media containing either 200 μM ammonia or 5 mM urea or high combo NEFA or 1 μM β-OHB. Exposure of granulosa cell to 400 μM ammonia or 1 μM β-OHB or very high combo or 6 mM urea significantly decreased all the parameters examined compared to lower levels of all nutritional and metabolic stressors. Elevated concentration of metabolic stressors induced GC apoptosis through the BAX/BCL-2 pathway and reduced the steroidogenic gene messenger RNA (mRNA) expression and cell proliferation gene mRNA expression. These results suggested that the decreased function of GCs may cause ovarian dysfunction and offered an improved understanding of the molecular mechanism responsible for the low fertility in metabolic stressed condition.
Introduction
Decline in fertility was considered as a multifactorial problem which included unbalanced feeding behavior and post-and pre-parturient durations. The most possible mechanisms of reduced fertility associated with negative energy balance (NEB) in ruminants might be because of (a) low LH pulse frequency, (b) reduced circulating concentrations of insulin and IGF-, (c) reduced production of estradiol by ovarian follicles during NEB, and (d) possible deleterious effects of the metabolites like non-esterified fatty acid (NEFA) and β-hydroxybutyric acid (β-OHB), together with low circulating glucose concentrations on oocyte development (Leroy et al. , 2006 Vanholder et al. 2005) . Imbalanced feeding (highprotein diet with less soluble sugar) also reported to cause the changes in metabolite profiles of follicular Farman et al. 2015a ) and oviductal and uterine fluids (Tripathi et al. 2016a ). High-protein diet also led to high systemic concentrations of ammonia and urea and these had been associated with reduced fertility in ruminants (Sinclair et al. 2000a; Kenny et al. 2002; Nandi et al. 2015) . Similarly, accumulation of NEFA derived from the adipose tissue during negative energy balance in the follicle fluid also constrained the proliferation and health of the granulosa cells (GCs) and thus jeopardized oocyte development . The early embryonic losses might result from a malfunctioned cytoplasm, which impaired further development of the fertilized oocyte. At the time of NEB, systemic concentration of palmitic, stearic, and oleic acid in circulation was high (Rukkwamsuk et al. 2000) . In high-producing animals, NEB was related to changes in serum concentration of NEFA and these changes were well reflected in follicular fluid of follicles (Leroy et al. 2004b) . In vitro studies had demonstrated the differences in the tolerance of the somatic cells to different fatty acids, saturated fatty acids being toxic, and unsaturated fatty acids being relatively harmless (Aardema et al. 2011) . We observed that oleic, palmitic, and stearic acids were the three predominant free fatty acids in both serum and follicular fluid in our laboratory (Nandi et al. 2013) . We had earlier demonstrated using an ovine model that elevated stearic acid concentrations during oocyte maturation had a negative impact on embryo quality (Farman et al. 2015b) .
Cholesterol, triglycerides, total NEFA, β-OHB, ammonia, and urea above the physiological concentrations had been considered as nutritional and metabolic stressors of serum and follicular fluids (Nandi et al. 2013; Farman et al. 2015a) . To the best of our knowledge, it has never been examined how the developmental competence of the oocyte and granulosa cell functions are affected by exposure to normal and elevated concentrations of ammonia, urea, NEFA, and β-OHB concentrations in vitro. We hypothesized that elevated concentrations of ammonia, urea, NEFA, and β-OHB concentrations might impair oocyte developmental fitness and granulosa cell functions. Hence, the aim of this present study was to investigate the effects of exposure to elevated concentrations of ammonia, urea, NEFA, and β-OHB concentrations on oocyte development maturation, cleavage and blastocyst yield, reactive oxygen species (ROS), and cell number in blastocysts as well as on granulosa cell functions (the metabolic activity, viability rates, ROS, cell number increment, monolayer formation score, apoptosis, global effect of metabolic stress on gene expression of GCs, estrogen, and progesterone secretion).
Materials and methods
All chemicals are from Sigma Chemicals, MO, USA, unless otherwise mentioned. The plastic wares were from Tarsons, Kolkata, India. The colorimetric kit for total ROS production estimation was purchased from Cell Biolabs Inc. (San Diego, CA, USA).
Experimental designs
The concentrations of ammonia, urea, free fatty acids, and β-OHB used in present study were based on results of in vivo (Farman et al. 2015a, b; Nandi et al. 2015) and in vitro studies (Tripathi et al. 2015; Tripathi et al. 2016b ) conducted earlier in our laboratory. Two experiments were set up to characterize the developmental capacity and growth parameters of oocytes and granulosa cells exposed with normal and elevated concentration of ammonia, urea, NEFA, and β-OHB.
In the first experiment, ovine oocytes were cultured at 38.5°C with 5% CO 2 in air in the presence of ammonia (0, 100, 150, 200, 250, 300, and 400 μM), urea (0, 4, 4.25, 4.5, 5, 5 .5, and 6 mM), NEFA (control: no NEFA; basal NEFA (70 μM), medium combo (140 μM), high combo (210 μM), very high combo (280 μM)), and β-OHB (0, 0.5, 0.75, and 1.0 μM) in oocyte maturation medium for 24 h. The viability and maturation rates were examined. The matured oocytes were in vitro inseminated and cleavage rates and blastocyst yield were examined.
In the second experiment, the granulosa cells were exposed with different concentrations of ammonia (0,100, 150, 200, 250, 300, and 400 μM), urea (0, 4, 4.25, 4.5, 5, 5 .5, and 6 mM), NEFA (control, basal NEFA, medium combo NEFA, high combo NEFA, and very high combo NEFA), and β-OHB (0, 0.5, 0.75, and 1.0 μM). The metabolic activity (MTT oxidation, both at day 0 and day 2), viability rates (at day 2), apoptosis, cell number increment, monolayer formation score, and estrogen and progesterone secretion were examined. Both the experiments were replicated for 20 times. Our each trail for oocytes studies represented one replicate per treatment with 8 to 10 oocytes per plot and our each trail for granulosa cell studies represented one replicate per treatment with plot (treatment/replicate) and consisted of 1.0 × 10 5 GCs per culture drop.
In vitro embryo production
We had used ovaries of adult, non-pregnant, parous ewes (Bennur breed, 2.5 to 3 years of age) in good health and with normal reproductive tracts on macroscopic examination after slaughter for this study. Ovine ovaries were brought to laboratory within 1 h of slaughter and transported immediately to the laboratory (Nandi et al. 2016) . Oocytes were aspirated from surface follicles; those with more than four layers of compact cumulus cells and with a granular homogenous ooplasm were chosen for our study. The control oocyte maturation medium consisted of TCM-199 + fetal bovine serum (10%) + follicle-stimulating hormone ovine (10 μg/ml) + gentamicin (50 μg/ml). Oocytes were cultured in 35-mm Petri dishes in a CO 2 incubator (38.5°C, 5% CO 2 in air, 90-95% relative humidity) for 24 h. Oocytes with an expanded cumulus cell mass to at least two diameters away from the zona pellucida and with an extruded first polar body in the perivitelline space were considered as matured and used for IVF. The viability of the cells after culture was determined by the trypan blue exclusion test. For processing of sperm to be used for IVF, semen obtained from the ram (2.5 to 3 years of age) testes by electro-ejaculation method was centrifuged with Brackett and Oliphant medium for 6 min at 300g twice. The sperm concentration was adjusted to 2 million concentrations per milliliter (2 × 10 6 /ml) before inseminating the oocytes. The processed semen was kept in 5% CO 2 incubator at 38.5°C for 5 to 10 min for swim-up. All the oocytes were in vitro inseminated. After 40 to 42 h of inseminating the oocytes, the presumptive zygotes were evaluated under a stereo zoom microscope at ×110 magnification for evidence of cleavage. Results were recorded in terms of cleavage rate (percentage of oocytes inseminated and that were cleaved to two-cell stage). The cleaved embryos were further cultured in TCM-199 + fetal bovine serum (10%) + gentamicin (50 μg/ml) in 35-mm Petri dishes in a CO 2 incubator (38.5°C, 5% CO 2 in air, 90-95% relative humidity) for 7 days for the production of morulae and/or blastocysts. Blastocysts obtained after 7 days of culture were collected and subjected to a differential staining protocol for embryos (Thouas et al. 2001) for counting of cells.
Granulosa cell culture
The granulosa cell isolation and processing and evaluation of growth parameters were as described earlier (Nandi et al. 2016 ) with some modifications. In the earlier study, we collected follicular fluid for granulosa cell isolation from different size class follicles whereas in the present study, the follicular fluid was aspirated from all the surface follicles of ovaries. The cumulus-oocyte complexes were picked up and the remaining fluid containing granulosa cells was suspended in TCM-199 supplemented with 0.3% BSA, centrifuged at 2500 rpm for 5 min at 4°C. The cells were then washed for two times in washing medium (TCM-199 + 0.3% BSA), then the final pellet of granulosa cells was suspended in the medium in which they were to be cultured. The control granulosa cell culture medium consisted of TCM-199 + HEPES (20 mM) + L-glutamine (3 mM) + bovine serum albumin (1%) + insulin-transferrin-selenium (1%) + gentamicin (50 mg/ml). The granulosa cells (0.8-1 × 10 5 /droplet) were cultured for 2 days harvested and counted in an automated cell counter (Invitrogen Countess™ Automated Cell Counter). The viability of the cells after culture was determined by the trypan blue exclusion test (Nandi et al. 2016) . The apoptosis of the granulosa cells was evaluated by hematoxylin-eosin stain as described earlier (Jolly et al. 1997) . Apoptotic cells were defined as cells with nuclei containing condensed chromatin that either was marginated into sharply delineated, densely staining masses aligned with the nuclear membrane, was shrunken into a single regularly shaped, dense, homogeneously staining mass (pyknotic appearance), or was fragmented into multiple homogeneously and densely staining masses (multiple fragments) clustered together (Jolly et al. 1997) . In another experiment, the granulosa cells (0.8-1 × 10 5 /droplet) were cultured in a 100-μl droplet of culture medium. The cells were cultured for 5 days; media were refreshed once on day 2 of culture. The monolayer formation in granulosa cells was evaluated for 5 day and scored as per Nandi et al. (2016) . The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assays of the cells were measured as per Rooke et al. (2004) . Release of estradiol and progesterone in culture media of granulosa cells on day 5 was examined by enzyme-linked immunosorbent assay using kits (Diagnostics Biochemicals Pvt. Inc., Ontario, Canada) . Progesterone measurements were recorded in nanogram per milliliter and picogram per milliliter for estrogen concentrations. All measurements were carried out according to the manufacturer's instructions. The intraand inter-assay coefficients of variation for all analyses were below 5%.
Determination of ROS
The determination of ROS in matured oocyte and granulosa cells was as described earlier (Waiz et al. 2016) . For measuring the concentration of ROS produced, oocytes (n = 20 in each treatment) and granulosa cells (1 × 10 5 in each treatment) were sonicated over ice. H 2 O 2 concentration within the matured oocyte and granulosa cell was measured as per the manufacturer's protocol. The relative concentration of H 2 O 2 produced was measured calorimetrically at 540 nm.
Gene expression studies
Based on the results of effects of metabolic stressors on GC proliferations and functions, the levels of metabolic stressors which caused the significant effect were selected for gene expression studies along with the basal/control level.
RNA isolation
Total RNA was extracted from the granulosa cells using High pure RNA isolation kit (Roche, Germany), according to the manufacturer description. The absorbance values at 260 and 280 nm were checked to assess the RNA concentration and purity for protein impurities in the samples.
Real-time reverse transcription polymerase chain reaction
Total RNA was extracted from control and metabolic stressor-treated granulosa cells as described above and the total RNA was reverse transcribed using a reverse transcription level kit (iScript cDNA synthesis kit, California, USA,) according to the manufacturer protocols. The expression levels were checked for six genes (CYP19A1, CYP17A1, BAX, BCL 2 , GDF9, and FSHr). The glyceraldehyde-3-phosphate dehydrogenase gene was used as the endogenous control. Primers (Table 1) were designed using NCBI and Primer Blast software (Ye et al. 2012) and are shown in Table 1 . RT-PCR was performed with KAPA SYBR FAST qPCR Master Mix (2×) (Kapa Biosystems, United States Wilmington, Massachusetts). The reaction solution was prepared on ice and comprised. Each run was performed in duplicate in a 10-μl reaction that contains 5 μl qPCR master mix, 5 pM of genespecific forward and reverse primers, 1 μl of cDNA as template, and final volume of 10 μl was made up with nuclease-free water. The PCR conditions used to amplify all genes were initial denaturation at 95°C for 3 min with 40 cycles of denaturation at 95°C for 3 s followed by annealing and extension at 60°C for 30 s. All reactions were performed in triplicate. The gene expression levels in the normal and heat-treated GCs were analyzed with the 2−ΔΔCT method.
Statistical analysis
Linear regression analysis was used to examine the relationship between the control and treated groups. The control was considered the reference group, and the replicate was used as a variable in the analysis. Natural log transformations were performed on individual observations before statistical analysis. Linear regression applied to in nutritional and metabolic stressor concentrations versus in parameter examined produced a good fit. Data were analyzed statistically by regression analysis or by standard one-way ANOVA followed by the Tukey-Kramer honest significant difference test. The percentage values were arcsine square root transformed before analysis. The computer-assisted statistical software package (GraphPad Prism, San Diego, CA, USA) was used for analyzing the data. Significance or non-significance of differences between mean values was determined at the 5% level of significance (P < 0.05).
Results
Effect of ammonia on in vitro maturation, viability, cleavage, rate, and blastocyst yield of ovine oocyte
The effect of different concentrations of ammonia on in vitro maturation, viability, cleavage, and blastocyst formation on ovine oocytes is presented in Table 2 and Plate 1. Exposure of oocytes to 150 μM concentration of ammonia in oocyte maturation medium significantly decreased maturation and cleavage rate compared to those observed in oocytes culture in media containing 0 μM (control) or 100 μM concentration of ammonia. Though no significant change was observed between 150 and 200 μM treatment groups, when the ammonia level was increased to 250 and 300 μM, it caused significant decrease in maturation, viability, and cleavage rates compared to those observed in lower ammonia concentration treatment groups. Further increase of ammonia concentration to 400 μM decreased the maturation, viability, and cleavage rates. Blastocyst yield was significantly decreased in 200 μM group compared to lower concentration testaments. No blastocyst was produced in medium containing 400 μM ammonia. The total number of cells was significantly decreased in blastocysts derived from oocytes matured in media containing 250 μM compared to those derived from oocytes matured in media containing lower levels. We observed a significantly higher increase in the production of ROS in 200 to 400 μM ammonia treatment groups compared to control.
Effect of urea on in vitro maturation, viability, cleavage, rate, and blastocyst yield of ovine oocyte
The effect of different concentrations of urea on in vitro maturation, viability, cleavage, and blastocyst formation on ovine oocytes is presented in Table 3 . Exposure of oocytes to the highest concentration tested (6.0 mM) of urea in oocyte 
maturation medium significantly decreased maturation and viability rates compared to those observed in oocytes cultured in media containing 0 (control group), 4 and 4.25, 4.5, 5.0, and 5.5 mM of urea. Cleavage rates and blastocyst yield were significantly decreased at 5.5 mM level compared to lower levels. No change of total cell numbers in blastocysts derived from oocytes matured in media containing the different levels of urea was observed. We observed a significantly higher increase in the production of ROS in 6 mM urea treatment groups compared to other lower levels and control group.
Effect of NEFA on in vitro maturation, viability, cleavage rate, and blastocyst formation of ovine oocytes
The effect of different concentration of NEFA on in vitro maturation, viability, cleavage, and blastocyst formation on ovine oocytes is presented in Table 4 . Exposure of oocytes to high combo NEFA in oocyte maturation medium significantly decreased maturation, viability, cleavage, blastocyst production rates, and total number of cells in blastocyst rates compared to those observed in oocytes cultured in media containing control, basal, and medium combo NEFA. Further increase of NEFA concentration in very high combo group significantly decreased the parameter tested. We observed a significantly higher increase in the production of ROS in high combo NEFA treatment groups compared to other lower levels and control group.
Effect of β-OHB on in vitro maturation, viability, cleavage rate, and blastocyst formation of ovine oocytes
The effect of different concentration of β-OHB on in vitro maturation, viability, cleavage, and blastocyst formation on ovine oocytes is presented in Table 5 . Significant Values are mean ± standard error of the mean based on 20 replicates per treatment with 8 to 10 oocytes per plot ROS reactive oxygen species decrease was observed in maturation, viability and cleavage rates, and blastocyst yields when oocytes were exposed to 1.0 μM of β-OHB compared to lower doses. The total number of cells was significantly decreased in blastocysts derived from oocytes matured in 0.75 μM β-OHB compared to those matured in lower doses (0 and 0.50 μM). We observed a significantly higher increase in the production of ROS in 1-μM treatment groups compared to other lower levels and control group.
Effect of different concentrations of ammonia on granulosa cell growth and hormone production
The effect of ammonia on granulosa cell growth, viability apoptosis, and hormone production is presented in Table 6 . The metabolic activity (MTT oxidation), viability rates, cell number increment, monolayer formation score, and estrogen and progesterone secretion were significantly decreased in granulosa cells cultured in media containing 250 μM ammonia compared to lower level tested. The apoptosis of granulosa cell was significantly higher when cultured in media containing 150 μM ammonia. Exposure of granulosa cells with 400 μM ammonia significantly decreased all the parameters tested compared to the lower levels. We observed a significantly higher increase in the production of ROS from 250 μM and higher level (300 and 400 μM) ammonia treatment groups compared to other lower levels and control groups.
Effect of different concentrations of urea on granulosa cell growth
The effect of urea on granulosa cell growth, viability apoptosis, and hormone production is presented in Table 7 . No significant difference was observed in the metabolic activity (MTT oxidation), viability rates, cell number increment, and monolayer formation score in granulosa cells exposed with 0, 4, 4.25, 4.5, 5.5, and 6 mM urea. The apoptosis was significantly increased and hormone production was significantly decreased in granulosa cell exposed with 6 mM urea compared with lower levels tested. We observed a significantly higher increase in the production of ROS from 5.5 mM and higher level urea treatment groups compared to other lower levels and control group. The effect of NEFA on granulosa cell growth, viability apoptosis, and hormone production is presented in Table 8 . Similar trends were observed as noticed in the result of effect of NEFA on oocyte growth. We observed a significantly higher increase in the production of ROS from medium and high NEFA treatment groups compared to other lower levels and control group.
Effect of different concentrations of β-OHB on granulosa cell growth
The effect of β-OHB on granulosa cell growth, viability apoptosis, and hormone production is presented in Table 9 . The viability and cell number increment were significantly decreased in granulosa cell exposed with 0.75 μM β-OHB compared to the lower levels. Exposure of granulosa cell to 1 μM β-OHB significantly decreased all the parameters examined compared to lower levels. We observed a significantly higher increase in the production of ROS from 0.75 μM β-OHB treatment groups compared to other lower levels and control group.
Relative mRNA amounts of cell growth, steroid synthesis, and apoptosis-related genes
The effects of metabolic stressors on granulosa cell relative amounts of cell growth, steroid synthesis, and apoptosis genes are presented in Figs. 1, 2, and 3. Expression of GDF9 and FSHr mRNA was significantly lower (P < 0.05) in granulosa cell treated with 250 μM ammonia, 1 μM β-OHB, and high NEFA concentration compared to those treated with the basal level of metabolic stressors (ammonia, urea, NEFA, and β-OHB). In addition, no effect of urea was observed on GDF9 and FSHr mRNA expression. Expressions of CYP11A1 and CYP19A1 mRNA were less (P < 0.05) in granulosa cell treated with 250 μM ammonia, 6 mM urea, 1 μM β-OHB, and high NEFA concentration compared with basal level of metabolic stressors (ammonia, urea, NEFA, and β-OHB). BAX and BCL-2 were significantly increased (P < 0.05) in metabolic stressor-treated granulosa cells compared to the basal level.
Discussion
We demonstrated in the present study that elevated metabolites impaired the oocyte development and granulosa cell growth and functions in vitro. We had earlier reported that the mean follicular fluid ammonia, urea, NEFA, and β-OHB levels were 132 vs 157 μM, 4.0 vs 6.0 mM, 78.0 vs 99.0 μM, and 0.5 vs 0.72 mM, respectively, in post parturient and high ammonia-generating diet scenario (metabolically stressed ewes), respectively (Farman et al. 2015a; Nandi et al. 2016 ). The ammonia level ranged from 94 to 412 μM, urea level from 3 to 8.6 mM, NEFA ranged from 68 to 256 μM, and β-OHB 0.42 to 9.4 mM in metabolic stressed ewes. (Farman et al. 2015a) We also reported that the mean basal NEFA level in ewe follicular fluid was 70.4 μM, and the oleic, palmitic acid, and stearic acids were the three predominant free fatty acids in and the average relative presences of these NEFAs were 40, 25, and 15%, respectively (Nandi et al. 2013) . Thus, the levels of nutritional and metabolic stressors used in the present study were within the physiological ranges. During NEB (metabolic stressed condition), reduced reproduction in domestic species had long been a problem and there was evidence that elevated metabolic stressor concentrations played a key role in this process because of alteration in the biochemical composition of the follicular microenvironment Valckx et al. 2014; Nandi et al. 2016) . Changes in metabolite concentration in serum were reflected in follicular (Leroy et al. 2004a, b; Farman et al. 2015a ) and reproductive tract fluids (Tripathi et al. 2016a ) in which oocyte maturation, fertilization, and embryo development occurred. Elevated NEFA concentration in serum during NEB is considered as one of the major factors responsible for metabolic imbalances, cellular dysfunction, and allied pathologies (Van Hoeck et al. 2011) . Elevated ammonia concentration was AUs absorbance units, ROS reactive oxygen species Table 9 Effect of β-OHB on granulosa cell growth, viability, and hormone production in vitro AUs absorbance units, ROS reactive oxygen species also reported to alter in vitro growth and metabolism of cumulus and finally maturation of oocyte was impaired (Rooke et al. 2004; Yuan and Krisher 2010) . In present study, elevated concentration of ammonia, i.e., 150 μM, significantly decreased the maturation rate, viability rate, and cleavage rate while ROS, blastocyst yield, and total cell nos. significantly reduced in 200 and 250 μM, respectively. However in GCs, 250 μM significantly reduced growth parameters (metabolic activity, viability, cell number increment, monolayer formation, apoptosis rate) and hormone (progesterone, estrogen) secretion activity of granulosa cells while ROS was significantly higher in case of same levels. Hence, decreased oocyte maturation caused by ammonium in the present study might not only be due to direct effects on the oocyte, but also indirect effects on the nursing granulosa cells as described earlier (Yuan and Krisher 2010) . We observed the increased apoptosis in granulosa cells as the ammonia concentration increased. In an earlier study in our laboratory, we observed low metabolic activity and more apoptosis rate in granulosa cells in ovaries of ewes fed with high-protein diet and with high follicular fluid ammonia concentration compared to control . We had also demonstrated that ammonia effects on oocytes and granulosa cells were follicle size specific (Nandi et al. 2016) . Moreover, our result (effect of ammonia on functions of GC collected from surface follicles) was comparable with that reported earlier (effect of ammonia on functions of GC collected from medium-sized follicles, Nandi et al. 2016 ). This was because we noticed that the medium-sized follicles contribute most of the total follicular fluid in IVF system of domestic animal models. It was reported that the main consequence of exposure of granulosa cell to elevated concentration of ammonia was low growth rate because of high demand of ATP for maintaining cell pH in association with elevated mitochondrial dehydrogenase activity (MTT) and biosynthesis of steroid led to increased activity of microsomal enzymes such as cytochrome P450 aromatase (Rooke et al. 2004) . Our results also supported the fact that in vitro growth and metabolism of granulosa cells were altered by change in concentrations of ammonia within the physiological limits that were measured in follicular fluid. Our results were in agreement to an earlier report wherein it was reported that granulosa cell apoptosis reduced the steroidogenic gene messenger RNA (mRNA) expression and estrogen synthesis .
Adverse effect of urea on oocyte maturation was reported earlier (Bystriansky et al. 2012 ). Low nuclear maturation and reduced fertilization and cleavage rates in oocytes that matured in the presence of 6 mM urea were reported (De Wit et al. 2001; Ocon and Hansen 2003) which was in agreement with our finding. Cleavage rate and blastocyst yield were significantly decreased in 5.5 mM urea while total cell no. in blastocyst did not get significant changes in any level tested compared with control.. However in GCs, ROS production was significantly higher in 6-mM level, apoptosis and estrogen production significantly at 5.5 mM, while progesterone at 6 mM. Other parameters (metabolic activity, viability, cell number increment, and monolayer formation) did not produce any significant changes. Most likely, mechanism for retarded maturation and reduced fertilization might be because urea could impair metaphase II probably by inhibiting polymerization of tubulin into microtubules (De Wit et al. 2001; Ocon and Hansen 2003) . The harmful effect of urea on oocytes and granulosa cells might in the present study also be caused by the initiation of oxidative stress as described earlier (Zhang et al. 2004) .
Elevated NEFA concentrations could also directly affect in vitro preimplantation embryo development (Leroy et al. 2010; Van Hoeck et al. 2014) . High combo NEFA significantly decreased the maturation rate, viability rate and cleavage rate, blastocyst yield and total cell numbers, increased the ROS production. However in GCs, higher combo NEFA significantly reduced the growth parameters (metabolic activity, viability, cell number increment, apoptosis rate) and hormone (progesterone; estrogen) secretion activity of granulosa cells, while ROS production was significantly higher in case of medium combo NEFA level. High NEFAs at the time of oocyte maturation increased oocyte NEFA uptake and metabolism which had been coupled with inferior oocyte maturation, increased oxidative stress, and impaired developmental competence of the oocyte as well as an altered physiology and metabolism of the resultant embryo as evidenced in the present study as well as in an earlier study (Valckx et al. 2014) . Similarly, we demonstrated that oocyte development competence was significantly reduced in oocyte originating from NEFA-exposed follicles (Nandi et al. 2017) which was in agreement with the finding of an earlier work (Valckx et al. 2014) . It was reported that NEFA delayed the oocyte development through meiosis, lower successive fertilization, cleavage, and blastocyst yield during in vitro culture under normal conditions without causing a degeneration of oocyte (Jorritsma et al. 2004 ). An earlier study revealed that addition of diverse concentrations of NEFA such as stearic, palmitic, and oleic acids to the in vitro maturation medium reduced oocyte maturation rates, with negative effects on subsequent embryo development (Marei et al. 2010 ). These negative effects on oocyte quality were reported to be because of changes in the structure of the mitochondrial membrane and the endoplasmic reticulum (Alves et al. 2015) . Farman et al. (2015b) reported that the maturation, cleavage, and morulae/blastocyst production rates were impaired in media with 20 μM stearic acid. Increment of stearic acid to 30 μM in media further reduced the maturation, cleavage, and morulae/blastocyst production. Similarly, Tripathi et al. (2015) reported that the ratio of saturated and unsaturated fatty acid in follicular fluid affects the developmental competence of the oocyte. Ketone bodies were a vital part of ruminant intermediary metabolism and they provided a major form of energy to peripheral tissue, when the glucose concentrations were low because of increasing production in ruminants (Leroy et al. 2006) . According to the finding of Leroy et al. (2006) , addition of β-OHB in the maturation medium with low glucose concentration did not recover the reduced cleavage and blastocyst formation; the most possible mechanism behind this was that cumulus-oocyte cell complex was not able to utilize β-OHB as an unconventional source of energy (Leroy et al. 2006) . It was also reported that supplementation of the culture medium with β-OHB did not affect the rate of oocyte maturation but did cause a concentration-dependent reduction in the frequency of fertilized oocytes that developed to the blastocyst stage (Sarentonglaga et al. 2013) . In contrast, we observed that β-OHB impaired the oocyte development and granulosa cell growth and functions in the range of 0.75 to 1 μM levels in the media.
In the ovary, GCs are responsible for establishing the follicular microenvironment; any factors that impair GCs may disrupt oocytes . So, we hypothesized that metabolic stress may induce the change of gene expression, finally leading to disordered ovarian function. Our data suggested that metabolic stressors like ammonia, urea, NEFA, and β-OHB inhibited GCs proliferation, induced GCs apoptosis, decreased E 2 and P 4 secretion, and reduced the steroidrelated gene mRNA expression. The reduction in steroid secretion and mRNA expression of CYP11A1 and CYP19A1 might also play a role in metabolic stress-induced GCs apoptosis and ovarian injury (Yenuganti et al. 2016) . We analyzed key genes involved in steroidogenesis such as CYP11A1 and CYP19A1 to determine effects of metabolic stressors on granulosa cell function. Our data showed that metabolic stressors decreased the expression of these genes. FSH activated the transcription of genes involved in the cascade of steroidogenesis, cholesterol side-chain cleavage enzyme encoded by CYP11A1, and by the 3 beta-hydroxyl steroid dehydrogenase transcribed from CYP19A1, encoding aromatase, the key enzyme of estrogen synthesis (Ke et al. 2004 ). The exposure of granulosa cells with metabolic stressors significantly reduced the expression of CYP11A1 and CYP19A1 which were in support with the finding of Yenuganti et al. (2016) . Accordingly, the levels of progesterone and 17-beta-estradiol found in granulosa cell-conditioned media (except β-OHB) were also lowered compared with the control. Very likely, the reduced production of progesterone and particularly of 17-beta-estradiol might be due to the reduced transcription of CYP11A1 and CYP19A1. In present study, we found significant downregulation of GDF-9 and FShr in GCs treated with metabolic stressors. Downregulation of GDF-9 was linked with hampered cholesterol biosynthesis pathway. Cholesterol synthesized by granulosa cells transported to oocytes get benefit by this Boutsourcing^of cholesterol biosynthesis by being protected from potentially harmful catabolic stress, which seemed to be an evolutionarily conserved strategy in most animal species. This cooperative activity in cholesterol metabolism might be essential for the healthy status of both oocytes and granulosa cells, leading to a coordinated development of follicular cells (Nakamura et al. 2015) .
Deficiency of estradiol may cause granulosa cell apoptosis (Shimizu et al. 2005) . Thus, we put forward that apoptosisrelated genes might be expressed in metabolic stressor-treated GCs. We confirmed the expression levels of BCL-2 and BAX mRNAs in granulosa cells by qPCR. Our findings indicated that the mRNA expression levels of anti-apoptotic gene (BCL-2) and pro-apoptotic gene (BAX) were increased compared to basal levels; moreover, ratio of BAX:BCL 2 mRNA was higher in higher level. The ratio between BAX:BCL 2 gene transcript decided the destiny of the cells and thereby considered as a good indicator of assessing the degree of apoptosis (Gunaretnam et al. 2013) . Granulosa cells were reported to be susceptible to apoptosis at the transition from G1 to S phase. Estrogen stimulated transition from G1 to S phase and protected against apoptosis only when cell cycle progression was unperturbed (Quirk et al. 2006) . Experiments identifying specific cell cycle stage (G/M/S) phase to identify where the abnormalities occur with each stress agent merit further investigations.
In stressed conditions, ROS could be formed which were toxic and harmful to the development of the oocyte (Marei et al. 2012) . In addition to this, ROS hampered endoplasmic reticulum function which could cause impaired cumulus expansion, increased cumulus cell apoptosis, and impaired oocyte nuclear maturation, fertilization, and blastocyst development rates (Aardema et al. 2011) . Decreased development and functions of oocytes and granulosa cells in media containing metabolic stressors (elevated concentrations of ammonia, urea, NEFA, and β-OHB) in the present study could be attributed to high levels of ROS production.
FoxO (Forkhead O), a subfamily of transcription factors, including FoxO1, FoxO3, FoxO4, and FoxO6, directs various cell capacities, for example, separation, multiplication, metabolism, survival, and demise. As a key individual from this family, FoxO1 played a basic controller part in ordinary advancement of ovarian follicles. Recent studies have confirmed that FoxO1 played an imperative part in the direction of cell passing caused by oxidative anxiety (Shen et al. 2012; Zhang et al. 2016 ). FoxO1 directed Bim mRNA articulation by binding to its promoter in oxidative anxiety-prompted apoptosis (Tang et al. 2011) . Besides, FoxO1 instigated cell apoptosis by means of adjusting Puma articulation in oxidative anxietyinitiated GCs (Liu et al. 2015) . According to Weng et al. (2016) , oxidative stress enhanced the expression of FoxO1 in the nucleus and promoted its translocation to the nucleus in GCs. These results suggested that oxidative stress-induced FoxO1 nuclear import, resulting in GCs apoptosis. Shen et al. (2012) reported that the FoxO1 articulation was drastically upcontrolled under oxidative stressed conditions and this oxidative anxiety initiated cell apoptosis. The present study speculates the role of FoxO1 in the mechanism associated with oxidative anxiety-prompted apoptosis in GC under metabolic stress.
Maternal metabolic disorders were known to compromise the success rates of human in vitro fertilization procedures . Also in animals, maternal metabolic status seemed to be a determinant for oocyte and embryo quality. With the increase in the rates of human obesity and type II diabetes, there is a high chance that metabolically compromised individual produced oocytes with a severely impaired competence to support normal embryo development. Our study contributes to the identification of the mechanisms and factors involved in reduced fertility due to metabolic and nutritional stress in ruminants. Additional investigation is needed to explore the mechanistic details for understanding how metabolic stressors like ammonia, NEFA, β-OHB, and urea effects on granulosa cells, oocytes, embryo growth and functions. Further research with the design of an in vivo follow-up experiment merits is under investigation.
Conclusions
In conclusion, our data showed that nutritional and metabolic stressors could negatively affect fertility through reduction in oocyte developmental competence and granulosa cell growth and secretory activities as well as the changes in the transcriptome of the metabolic stressor-treated granulosa cells. Indications of disturbance in gene networks involved in follicle development can be suggested. Our present results also showed that metabolic stress can induce apoptosis of GCs as evidenced by the activation of BAX/BCL-2 ratio and inhibited the estrogen synthesis.
